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AI!STMC

In laser flow cytophotomctry, an increasingly popular technique of

analytical cytology, quantitative 1 aslm-eneaesof interest include cell and

nuclear diameters. Electronic circu ~or a ncw rcthuclof time-of-ilight

ccl: sizing has been developed wh:cl ;URC.Sthe time that signal pulses

from either fluorescence or light scat~.~rsensors cxcccxla preset CoiLStilnC

fraction of the peak signal anplitude ~;dlse wid~ll)Llr the time chat it

takes a signal to rise between cons~mc iractlons of the peak sign~l ampli-

tude on the rising side of the pulse (pulse rise-time). These pulse width

or pulse rise-time measurements were r~lated to CC1l or nuclear diameters

and were used in combination to determi=a nuclear size to cell size ratios.

This new type of time-of-flight sizing was found to be Independent of fluor-

escent or light-absorbing stain intensi=y, linearly related to cell or

nuclear diameter, and capable of resolving diameter differences of lUSS

than 0.5 Bm.
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Previous attempts to determine cell or nuclear size wLLh flow cyton-

eters have measured one or more of the following parameters: i[ltensityof

light scattered at small angles (8), absorption of lncidcnt light (2), or

time-of-fllght (TOF) sizing using a laser beam wid~l]larger than t!~e diam-

eter of the cell being measured (9). The intensity of the liGht scotcercd

in the near forward direction is predominately duc to diffraction and is

roughly proportional to the cross sectional arc~ of the cell. The angular

width of this first ring of the diffraction pattern, ho’wcver,decrcascs

with increasing cell size (3). The use of laser beam clumpsor obscuration

bars in conunercialflow cytophotornctersmodlfics the proporthn of this

scattered light that reaches tl~cdetectors thereby leadlng to a nonsvstenatic

relationship between scattered light intensity and cell cross sactfonal area

(3). At angles greater than those subtended by the main diffraction ring

of the cell, typically 2° - 3° for mammalian cells, the scattered light

intensity is strongly dependent on cell refractive index. Two cells of the

same size but of different refractive lmlex wL1l have different light scatter

intensities, so that light scnttcr intensity itinot a reliable measure of

cell size..,

To date, time-of-flight sizing techniques in flow cytophotometers

have employed a fixed voltage threshold triggering tcchnlque that measures

the len&th of the a Cti!ll’s li@t 6c~ttcr or fh~r~~c~n~~! sl~n~~ h dovb?

a flxcd, prcdatcrrnlncdvoltage threshold (9, 12). SllilrplCSS(6,7) IKIS StlCiWll

that measurements of cell size based on the tlmc u signal ls greater than a

Elxed voltaee threshold haa a strong, nonlinui~rdepcnduncc on thu amplltudc.— ,
*

of the signnl as WC1l as its duration. Slncc a low ampll~udc (e.g. from a

cllmly Fluorcsccnt CC1l), filgnal ls above n fixud tlIru:;huldfor a ~!u~rtcrtime

.
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-than a hlghcr

pulse widths.

amplitude uignal, CC1lS u< the sum SIZU will

This situation is clearly unsatisfactory for

expcrhments in which the st: ning intbn:l~ity responsible for

5

pruducc difrcrcnt

biolo~lcal

clther the

light scatter or fluorescent signal mdy vxry considerably amng cells Of

thn same size.

The objectiva of this work 1s t~~~lccuratelySIZC cells and nuclei

independently of the Lntenslty of iiuor~accnt or lig!lt-absorbingstains

used to ❑ easure other cellular propcrt:us. In order to accomplish this

objective a new method of time-of-fli~titsizing which allows higl]resolu:ion,

amplitude independent mizing of CC1lS or nuclei with laser beam widthe

larger than the cell diameter was developed. This permits simultaneous

light scattering analysis of cell structure and high resolution sizing of

small biological objects. This was accomplished by developing pulse analysis

circuitry to measure pulse widths at fixed fractior.s of pulse height, as

suggested by Sharpless (7)D and pulse rise times.
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Lnsur flow Cytometry.—

Commercial flow cytomctcrs used with this time-of-fllght systcm were

the Ortho Instrume s (Westwood, }lass.)Cytograf (Model 6300) and Cycofluoro-

graf (Model 4@02A) and the Becton-Dickinson (Moun~ain View, Calif.) FACS II.

Amplitude Independent Cell Sizinq
.

Electronic circuitry was designed and constructed for the pulse hcigh:

independent measurement of pulse width or pulse rise clme. In measuring tht

transit time of a cell through a laser beam (time-of-flight sizing) {Fig. 1),

the peak of the incoming voltage pulse from the detectors is sensed and held

for 70 Usec. During this time voltage dividers take percentages of the peak

amplitude according to preset threshold levels and mode of operation (pulse

width or pulse rise-time) desired. A nigh fidelity delay line of 8psec

(Allen Avionics Electronics, Inc., Mlneola, NY) is used to produce a delayccl

replica of the incoming sigr,alwhich is subsequently presented to voltage

comparators which produce start and stop signals for a time-to-rime amplitude

convertor (T,\C),which linearly charges a capacitor during the time between

the start and stop signals. The range of the time-to-amplitude conversion

can be adjusted by varying the capacitor charging rate. The threshold and

capacitor charging rates are factors which must be adjusted to insure that

the output signals arc wlthh the voltage level ard response time lhnitations

of Lhe electronics used for signal analysis (multichannel analyscr or computer).

A d@ranl shuwtng in more detail how the tlmc-of-fli@~t measurements arc

guncratfxl 1s g~vcn in Ffgurc 2.

Simultaneous ~ntenslty and Timn-of-Fllght Mcasurumcnt~
,

In certain experiments it was necessary to cxum[nc twu pulse parameters

slmult.mcously for each cell to provhle corrclintedslgn:il mcasurcmunts. To

accomplish this the output signal from Lhc TO~ clrcult w~s cllg[tlxc,lilritl

--
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transrnlttwlto an Ii[Sj\I 8080 microprol~cssorand correlacccl with tllc corres-

ponding amplitude TOF signal from ciri~~rthe scatter or Eluorcsccncc sensors

of the flow cytophotometcr. A 3-clincnsionaldisplay of the cells having

two correlated parameters (e.g. fluorescence TOF and light scatter TOF) can

be recorded on the teletype by using a 64 x 64 characccr printout in two

dimensions and by presenting C!lC third iimension as tile number of cells

having a particular pair of tIalues i;l Ltirns of character symbols irum O

through 9, and A through Z and finally special teletype characters in

multiples of N cells. For example, ii the muitiple s 32 then a

printed “2” means 64 cells, and a printed “3” means Is. This display

therefore constitutes a digital (3-dimensional) contour map of the two-

parameter distribution.

Cells and Viruses for Absorption and Fluorescent Staining

HEP-2, a cell line derived from a huma,~ laryngeal carcinoma, was obtained

from the American Type Culture Collection and was grown in 16 oz. prescription

bottles in Dulbecco’s modified minimum essential medium (l), supplemented with

,10% heat-inactivated donor calf serum (Grand Island Biological Co., Grand

Islan(l, NY),”O.085Z NaHC03, 100 units/ml penicillin, 50 pg/ml streptomycin.

Cells were infected with herpes simplex virus type 2, strain 316-D, provided

by Dr. John Docherty, The Pennsylvania State University. Virus was allowed

to adsorb to the CC1lS for onc !~our. Cnadsorbed virus was then decar.ced and

the cells were given fresh medium and incubated for 18 hours bcforu being

fixed in 5% neutral buffered formalin (4). Human embryonic lung CC1lS (HLL)

were grown and. infected in a similar manner. Viral antigens in the cytoplasm

were stained with c.liuminobcnzidinc by the Sternberpr P-A-I’ (pcroxidase-anti-

peroxldas~’) method (10). Nucle!.xerc stained with acriflavin, a fluorescent
‘.

stain which is specific for A-T ouclcotide pairs (8). A procedure combining

these two muthods was used to obtain doubly stained CCIIS (3). AcriElavine-

stnincd ncar+liploid cultured Chinese hams~cr cells, line N3-1F3, were also
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“employed. Sizing calibrations were prriurmcd using uni[ormly-sized micro-

sphere (Duke Scicntlflc Co., Palo Altu, California and Coultcr Electronics,

ilialeah,Flerida).
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In order to test the mplttucl= ~ndepcndence of the time-of-fli~ht

measurements cultured Chinese hamster cells were stained by differing

acrlflavin-feulgen staining protocols to yield cells with nuclei of similar

sizes but of different fluorescent intensities. Figure 3 shows that the

time-of-flight size of the nuclei of CCIIS in :he C? phase of tliclife CyCIC

is independent of fluorescent signal a=plitude over the range of fluorescent

intensities provided by this type of ex~erimenz.

Time-of-flight measurement increases linearly w~th particle diameter.

The data of Fig. 4 indicate achievable resolution of 1.0 Urnper channel using

pulse width measurements, and the data of Fig. 5 indicate achievable resolution

of 0.2 ~IUper channel using pulse rise time measurements on calibrated micro-

sphere 5 - 20 pm in diameter.

Nuclear diameter distributions can be measured by pulse rise TOF, and

they reflect the life cycle distributions of exponentially growing human

cells (Fig. 6a) and the distorted nuclear size distributions of virus-infected

cells (Fig. 6b).

Nuclear diameter to cell diameter ratio, a parameter.commonly used in

analytical cytology, can be measured with paired TOF circuits and a mic~o-

processor or two parameter analyser. Figure 7 diagrams the nethod of this

measurement on CC1lS with stained and unstained cytoplasm. To demonstrate

this principle the nuclei of fixed virus-infected and uninfected HKP-2 cells

were stained with acrlflavine, and their cytoplasm were stained for virus

antlgcns. The correlated 2-parameter dlstribctions arc shown as te’otype

output in Fig. 0. The dlatributinns in the left panei were obtained with

HSV-infcctcd cells and show two populations, il and B, with N/C ratios dis-

torted relative to those of normal cell populations, D and E, in the right

panel. The control cell preparation also contained bare nuclei, which had
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‘the cxpuctbd N/c ratio Or nuarly 1.0. ‘Imlluabsolute WIIUW of the Wc”

ratios were calculated using calibr~ltlou curves simLlar to those shown

in Figs. 4 and 5.
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We have dcscribur.1 the construction and testing of n p:llscheight

independent TOF cell sizing device for laser flow cytophotometcrs This

device implements the notion introduced by Sharpless (7) that PUISU width

measured at a fixed frdcticn of pulse ::eighc (rather Khan at a fixed voltage

levelu would be f.nsensitlve to tile aisti:utc inLensity of li~ht scattering

or fluorescence of the cell. :(uh~ve J:c!eclthe notion of pulse rise T(IF

which increases the resolution (Fig. 5; by c~phasizing that portion of the

pulse in which the cell predominates in changing the signal. Linearity

and pulse height independence have been demonstrated.

The circuit is designed to stand iadependsntly, so it can be uses as

an outboard addition to any laser flow cytophotomcter. It has, to date, been

tested on the Ortho Instruments Cytofluorograph and the Becmn-Dickinson

FACS-11. It works equally well with broad and narrow laser beams and is

therefore particularly suitable for use in quantitative cell light scattering

experiments, which require the entire cell to be illuminated instantaneously.

The pulse rise TOF feature is especially useful in such cases.

In biological experiments the syst~vzhas been shown to demonstrate

nuclear size changes through the human cell life cycle and consequent to

virus infection. Absolute and relative S/C ratios have been measured.

Continued application of this cell and nuclear sizing method in virology,

immunology, oncology, cy~opathologj’;anJ cell biology is anticipated.
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Figure 1. Time-of-flight CC1l sizing mcthud.

by time-of-flight sizing depends on

Cell diameter as measured

the choice of thresholds which

determine what fraction f of Lhc actual cell diameter d is measured

and on the laser berm wid~h !{. In Cixcxl threshold time-of-flight

systems f is an unknown ard varying fraction of the cell diameter.

In this constant irar:[on time-of-flight sizing cr.cthod f is a

known constant fraction of Lhc cell diameter. Since resolution

of pulse width tirnc-of-flig!~tmcasureaents decreases with large

laser beam widths W, pulse rise-timu measurement can bc used to

make the cffectlve beam width W smaller chcreby increasing the

sizing resolution capability of tlw system.

Figure 2. Circuit for the mcasurcmcnt of the width of a voltage pulse

betwean two fractiors”of its peak amplitude (simplified diagram).

The input signal is split into two identical pulses so that a

copy of the original pulse can be compared at a later time with

constant fractions of itself. The peak sense and hold circuit

“C” registers the peak pulse amplitud~ and holds this value Eor

the duration of the mca~urcmunt process. This peak value ia rc-

duccd by potLcntiomc~crs to desired threshold lCVCIS which can

serve as rcfcrencc inputs to the voltage comparators “F” and “G.”

Several microseconds aftur tllc pmk ticnscund hold circuit rcc~rds

the peak umplitudc, the input pulse pilssesthruu~h tho ‘lQlaY line

and 1s rtmtorcd to ltn original amplitude by thu amplif~cr. It
*,

becomes the second input “E” to the volK~igccomparators. Thv

stutc 01 the voltcq;ccomparator ‘%” Chnngus to the “on” state

WIWl the &liIYd rt’p.ltctlof the orivlnal pulse I1,lHn volttlge



Figure 3.

Figure 4.

Figure 5.

1,

lb

bctw~cll the’ CIIOSCII Lllrusllulds, and the statu of the comparator

returns to its original “off” ValU(.!when the VOltilgC pUISC ~M-

plitude is outside of the chosen thresholds. Thus a voltage

pulse is produced which has a width (time interval) equal to

the width of the original pulse between the desired thresholds.

A capacitor is then charged during this time interval to produce

a voltage amplitude proportional to time (time to amplitude

conversion, TAC).

Nuclear diarmtcr (fluorescence time of flight) vs. pulse amplitude

plot for Chinese hamster C2 cells counted with the cytofluorograf

while maintaining the input pulses to the T(JF circuit above 3.5

volts and varying ~he signal intensity by varying laser power and

acriflavine staining procedure.

Calibration of light scatter pulse width time-of-flight sizing

of microsphere. Pulse widths were measured from 5 percent peak

ampli!_ude threshold on the rising side of the signal to 5 percunt

of the peak amplitude threshold on t.hc trailing side of t!~c signal.

These measurements give low resolution hut wide dynwnlc range and

were made on the Ortho Instruments Cytofluurograf (Yodel 48021\).

Similar resolution h[ls been nchlovcd on the Bccton-D[ckinson F,\CS 11.

Calibration of high rcsolutlun ligl~[ scatrc!r pulse rise Lhlk:-of-

flight sizing of mlcronpherc$s be.twcun10 illld35 purccnt of thu punk

nmplltucle thresholds on thi?rls[ll~ s[du of LIIL!HlgIlnl. ‘1’lle&le

mea~urcmcnts were made on tllcBecton-l)lckl,nsun FACS 11. Sllll~~ilL-

rCEIOIUL~On hils bc!cn ilClliCV(!don tileortllo Insl.rLlmrntHcytoflllort)~r:lf

01(MIC14802A).
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Figure 6. llNAcontent distributions (“!’iltJ”,solid lines) of acriflav’fne

stained cultured human embryonic lunE (HEL) fihroblasts and

nuclear diameter distributions (“TOF”, dashed lines) determined

on the same cell suspensions. 6 a (upper panel): The nuclear

diameter distribution reflects the distribution of cells through

the life cycle. 611 (lower panel): The nuclear clianetcr distri-

bution reflects clistortio:~s in riucle:lr size caused by 16 hr of

infection with herpes simill~~i virus type 2 (IISV-2).

Figure 7. Diagrammatic representation of a method for mcasurinE N/C ratios

of cells with cytoplasm stained either imrnunoenzymatically or

by another histochemical staining mcthud with a light-absorbing

stain and nucleus stained with a l)M\-specific fluorescent stain.

Distinction between cells of the same size and N/C ratio depends

on simultaneous pulse-height independent scatter and fluorescence

TOF measurements (which are unaffected by the presence of the

light absorbing stain or by variations in fluorescent stain intensity)

and Iargc-angl.e light scatter intensity which is decrczsed in

cells stained with the light absorbing stain.

~i~ur~ 8, Simultaneous fluorescent and scatter time-of-flight measurements

of nuclear size nnd CC1l size to obtain N~C ratios according to

the schumc dlagrammtically prcscntcd in figure 7. Tllc life cycle

of cu.lturcd Iluman carclnom~l (HEp-2) culls infcctcd with herpes

simplex v.Irus type 2 (HSV-2) i:+ purturhul us shown by the diffcrcncc in

N/C riltlC):;as compnrwl to tllc uniIIl!ecLecl control CC1lHO In this

‘t two-pararncter distribution nucl.car dlamutcr is plotted horizontally

and CCI1 cliwnctur vertically, illCrrilslng downward. Each 2-par~lmetcr

nllcroprocc:lsor Cllillllli’1contillllsa numllcr Whlcll, when mult.iplicd



by 32 gives the number of cells in that channel. Regions of

channels with 224 or more cells/ctwnnel are outlined to show

peaks. There are 2 such regions, A and I! in the infected CC1l

distribution and 3 regions, C, D, and E, in CIIC uninfected cell

distribution. A simple ratio of nuclear and cell. TOF signals

will not yield a true X/C ra~io. Therefore, the peak channels

in each distribution must bc convertwi to diameters by the use

of calibration plots such as those in Figs. 4 and 5. Note that

the HSV-2 infected cells arc larger and that population C consists

of bare nuclei, as indicated by S/C of nearly 1.0. This experiment

used the pulse rise TOF mcthoci with thresho?.ds set at 5Z and

35% of maximum peak height.
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FIGURE 3

CHINESE HAMSTER G2-CELL NUCLEAR ●“
DIAMETERS AS A FUNCTION OF DNA-STAIN

, FLUORESCENT INTENSITIES
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FICURE 7

NUCLEAR SIZE / CELL SIZE AS MEASURED BY
PULSE HEIGHT INDEPENDENT TIME-OF-FLIGHT

r fluorescently stoined, r fluorescently stained,
DNA specific DNA specific

bsorrtion stained, unstained
antigen specific
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N measured by fluorescence time - of- flight

C measured by scatter time - of- flight
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